ABSTRACT The hypothesis was proposed that embryonic growth could be influenced paternally in the absence of changes in egg weight or eggshell conductance. Sire families were established by selecting 11 sires based on blood sampling of approximately 50 commercial turkey males. Southern blot analysis was used to identify the most distantly related individuals in the subpopulation. Five hen siblings or half-siblings of the males were randomly assigned to each male to randomize effects of egg size and eggshell conductance. Artificial inseminations were performed weekly for 17 wk, using each sire with the assigned hens. Fertilized eggs were collected and set in incubators at biweekly intervals. Offspring were observed at the time of hatching for sex, body weight, and blood glucose concentration. Significant differences
INTRODUCTION
suggested that embryonic growth is similar between precocial and altricial species, and furthermore, growth among species is influenced principally by two factors: egg weight and the length of the incubation period. Embryo survival is negatively correlated with selection for rapid posthatch growth (Nestor and Noble, 1995) , but little is known of the effect of such selection on embryonic growth. Embryonic growth may also be mediated by the functional qualities of eggshells when lines of turkeys are selected for growth (Christensen and Nestor, 1994) . In a prior study with pedigreed turkey hens (Christensen et al., 2000 , NC State University, Raleigh, NC 27695-7608, unpublished data), heavier poults had elevated blood glucose concentrations at hatching. However, the differences were correlated 1 The use of trade names in this publication does not imply endorsement by the North Carolina Agricultural Research Service of the products mentioned, nor criticism of similar products not mentioned. 2 To whom correspondence should be addressed: vern_christensen@ ncsu.edu. 1810 among sires were observed at hatching for poult weights and blood glucose concentration, and a significant correlation between the BW and glucose concentration was noted. Progeny of sires with the highest and lowest BW and blood glucose concentrations were subsequently compared. Mean BW of poults from different sires differed by as much as 10 g, although they were hatched from eggs of the same weight. Elevated blood glucose was associated with heavier BW; heavier heart, liver, and muscle weights; a rapid utilization of glycogen at pipping; and increased gluconeogenesis as measured by plasma organic acids and glucose-6-phosphatase activity. We conclude that poult embryonic growth differs even when not mediated by egg size and functional characteristics.
with egg weights and eggshell conductance, thus confounding the effects of egg weight, conductance, and embryonic growth. When growth rates were compared among lines of turkeys selected for growth or egg production, the rate of embryonic growth of some lines seemed to be independent of their egg weight (Christensen et al., 1998) .
We tested the hypothesis that embryonic growth could be independent of egg weight. Single sire families were established using hens that laid eggs of similar weights and functional characteristics. Embryonic growth was measured for each family and compared. The objectives of the current study were to determine the effect of sires on embryonic growth and hatchling weight that may occur independent of changes in egg size or function.
MATERIALS AND METHODS
Single sires were used to establish families in a commercial population of turkeys. Sires were selected from a closed subpopluation of approximately 50 males. Selection was based on DNA band patterns derived from Southern blot analysis using three DNA probes when compared with the bands of each individual (Grimes et al., 1996) . Eleven males were selected to represent the individuals with the minimal amount of band sharing among genotypes. All sires and dams used in the experiments were either full or half siblings. Five full-or halfsib hens were assigned randomly to each of the 11 sires to equalize the effect of dam, egg size, and eggshell functional qualities on embryonic growth.
Selected males were housed in a mechanically ventilated, light-controlled house. Toms were exposed at 26 wk of age to 15.5 h of light per day (0500 to 2030 h) to initiate semen production. The hens were hatchmates of the sires and were either full or half siblings. Hens were kept in an adjacent building and exposed to the same daylength at 30 wk of age to stimulate egg production. At 14 d postlighting, semen from individual males was used to artificially inseminate five randomly assigned hens. Thereafter, hens were inseminated weekly for the duration of the experiment. Hens were trap-nested to identify each egg by dam. Eggs were collected and stored (12.8 C and 75% RH). At each biweekly interval, eggs were sorted by dam and date and then were set into a single incubator. Incubation was accomplished using the conditions prescribed by the incubator manufacturer (dry bulb temperature = 37.5 C; RH = 54%; eggs were turned 12 times per day). At the conclusion of the 25th d of incubation, eggs were transferred to pedigree baskets, and the baskets were incubated at 36.8 C and 85% RH. Each basket contained only eggs fertilized by a single sire. At hatch, the poults were wing-banded, beaks were trimmed using surgical scissors, and a drop of blood was collected from each poult. Blood was analyzed for glucose concentration using the technique described by Donaldson and Christensen (1991) . Poult weight at hatching was measured (nearest 0.1 g) at the same time that the blood sample was collected. Immediately after hatching the poults were vent-sexed then grown to 16 or 24 wk of age. Seven replicate hatches were used to determine the relationship between hatchling BW and blood glucose concentrations for all families.
At the time of setting each hatch, three eggs from each hen were weighed to determine initial egg mass, eggshell conductance (G), and conductance constants (k). The eggs were numbered for identification and weighed again at the 25th day of incubation. Eggshell conductance values were determined using the calibrated egg technique of Tullett (1981) . The mean egg weight, mean eggshell conductance, and mean conductance k values were compared among the 11 sires to insure there were no family egg or eggshell effects.
At the completion of seven hatches (14 wk of egg laying), data collection for the correlation analysis was completed. Because of significant positive correlations observed between hatchling poult weight and the concentrations of blood glucose, only two sires families were selected for further study in six additional settings. The sire family with the heaviest and lightest poult weights were selected (sires 971 and 616, respectively). In the subsequent trials, poults and embryos were compared from these two sire families only. Embryonic growth was measured by weighing (nearest 0.01 g) embryos and Additionally, a blood sample (ca.1 mL) was collected, plasma was recovered (Donaldson and Christensen, 1994) , and organ weights were measured by weighing heart, liver, and pipping muscle (nearest 0.1 mg). Glycogen concentrations in the organs were analyzed (Donaldson and Christensen, 1991) . Plasma glucose concentrations were determined as described previously (Donaldson and Christensen, 1991) , and gluconeogenesis was assessed in hatchlings by measuring glucose-6-phosphatase concentrations in the plasma (Donaldson and Christensen, 1994) . Fertility, hatchability, and times of embryonic deaths were also observed by breaking open nonhatching eggs from each hatch and observing their contents for embryonic development or fertility. The experimental unit for computing fertility, embryonic mortality, and hatchability was each hen. Correlation coefficients for body weight at hatch with blood plasma glucose concentration were computed (SAS Institute, 1998). Differences among means for individual sire families for blood glucose concentration and hatchling body weight were determined using the GLM procedure of SAS in a two-sire (616 and 971) by twopoult sex (male and female) factorial arrangement. The tissue weights, glucose concentrations, and glycogen data were analyzed similarly, but the data were arranged in two levels of sire (616 and 971) by three levels of stage of development (prepip, pip, and hatched) factorial arrangement. Fertility and hatchability data were analyzed using a two-way analysis of variance that compared the means for the 11 sires over 7 hatches. In all analyses, all factors were considered random. Means determined to differ significantly were separated with the least square means procedures, and the acceptable level of significance was P ≤ 0.05 unless otherwise noted.
RESULTS

Correlation of BW and Blood Glucose
Body weight and blood glucose concentrations of female poults were not significantly correlated (Table 1) ; however, a significant positive correlation was observed for the male poults. When the BW of both genders were combined and correlated with blood glucose concentrations, a significant positive correlation coefficient was observed. The magnitude of the correlation coefficients was lower than that observed for hens but was nonetheless significantly different from zero. The lack of significant correlation for female hatchlings but a positive significant correlation for the males suggested an additional statistical analysis comparing individual sires (Table 2) . When the 11 single sire families were compared, a significant sire family by poult sex interaction was observed for poult BW at hatching. In most of the families, there were no differences in the BW of male and female poults, but sire 891 produced female poults weighing more than males, whereas sires 925, 945, and 971 produced male poults weighing more than the females. No significant interaction was observed for the blood glucose concentrations, but the glucose differences among sire families were highly significantly different with poults from sire 971 having greater glucose concentrations than all other families. Sires 616, 891, 922, and 925 produced poults with low glucose concentrations. Sires 830, 840, 870, 886, 914 , and 945 produced poults with intermediate blood glucose concentrations. Male poults had higher blood glucose concentrations than did the female poults (males = 209 mg/dL; females = 204 mg/dL).
Egg Weights and Functional Characteristics
Egg weights and eggshell functional characteristics were similar among sire families (Table 3) . No significant differences were observed for initial egg mass, G, or k.
Embryonic Survival
Fertility and hatchability varied greatly among sire families (Table 4) . Sire 914 displayed the highest fertility and sire 945 the lowest, with sire 891 being intermediate. All other families had fertilities that did not differ. Sire 914 also had the highest hatchability with sires 616, 886, 891, 922, 925, and 971 having the lowest. Sire families 830, 840, 870, and 945 did not differ from the remainder of the families.
Tissue Weights
Tissue weights were compared, using only sire family 616, which had the lowest BW compared to sire family 971, which had the heaviest BW (Table 5 ). The poults from sire 971 had the highest blood glucose concentrations at hatching, whereas those from sire 616 had the lowest. Poults hatching from sire 616 weighed significantly less than those from sire 971. There were also heavier hearts and muscles but smaller livers in sire 971 family poults compared to those from sire 616. 
Tissue Glycogen and Blood Glucose
Poults from sire 616 hatched with the lowest blood glucose concentrations, and poults from sire family 971 hatched with the greatest blood glucose concentrations (Table 6 ). Heart glycogen concentrations in poults from sire 616 were greater than those from sire 971. Liver and muscle glycogen concentrations displayed a significant sire by stage of development interaction. In both tissues, the decline in glycogen found normally during hatching occurred earlier (at pipping rather than at hatching) in embryos from sire 971 than in embryos from sire 616.
Blood Plasma Organic Acid and Glucose-6-phosphatase Concentrations
Poults from sire 616 hatched with significantly greater urate and glucose-6-phosphatase concentrations than did those from sire 971 (Tables 7 and 8 ). There were no sig- Columnar means with different superscripts differ significantly (P ≤ 0.05).
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Sire 616 produced poults with low blood glucose values. Sire 971 produced poults with high glucose values.
nificant differences between the sires for concentrations of α-ketoglutarate, pyruvate, lactate, or β-hydroxybutyrate.
DISCUSSION
Previously (Christensen et al., 2000 , NC State University, Raleigh, NC, 27695-7608, unpublished data), we speculated that the differences in growth of turkey embryos might have been due primarily to egg characteristics. Data presented in the current study suggest that, although less prominent in magnitude, there are differences in turkey embryo growth that occur independent of egg size. Many other researchers have speculated about the causes of differences in embryonic growth (Byerly, 1932; Byerly et al., 1938; Tullett and Burton, 1982; Burton and Tullett, 1985; Lilja and Olsson, 1987; Siopes, 1992; Applegate and Lilburn, 1996) . Others have suggested that embryonic growth might have been influenced by eggshell conductance as well as the conductance constant (Christensen and Nestor, 1994) . A general consensus has indicated that the two major factors influencing embryonic growth are egg weight and the length of the incubation period (Ricklefs and Starck, 1998) . Although genetic variation in the incubation period is heritable in domestic fowl (Crittenden and Bohren, 1961; Siegel et al., 1968; Smith and Bohren, 1974) , genetic variation in embryonic growth rate is difficult to demonstrate. Byerly (1932) and Byerly et al. (1938) examined strain differences in domestic fowl between the smaller Silkie bantam and the larger Single Comb Rhode Island Red. The embryonic growth curves of these experiments produced from reciprocal crosses (Ricklefs, 1987) were nearly identical to those of the dams and indicated little influence of the sire. This result apparently reveals a phenotypic response of embryo growth to strain-specific differences in egg size and, thus, a predominant environmental effect of egg size on embryo growth. Again, data from the current study indicated that embryonic growth is influenced by factors other than the egg functional properties. These results taken together suggest that the major determinant of turkey embryonic growth is the size of the egg with minor influences contributed by the sire and perhaps the conductance constant of the eggs.
In the current study there were effects on turkey embryo growth, exclusive of egg measurements, that were mediated by the genetics of individual sires. Moreover, these growth differences were also correlated significantly and positively with blood glucose concentrations in the hatchling as had been seen previously with individual hens (Christensen et al., 2000, NC State University, Raleigh, NC, 27695-7608, unpublished data) . It has been suggested that in humans, the predominant direction of male DNA is toward growth but that female DNA is growth-limiting to preserve the life of the mother (Haig, 1993) . A possible explanation of the results in the current study may be that such a physiological mechanism may also exist in turkeys. We speculated that the sire DNA may function to increase growth, but the maternal DNA limits growth to the extent that the egg produced can support the life of the embryo and spare the life of the mother. This presumably occurs because the maximal egg weight and functional characteristics that are physiologically feasible for the hen are created. The observed growth of embryos from pedigreed hens was mediated primarily by egg size and conductance constants (Christensen et al., 2000, NC State University, Raleigh, NC, 27695-7608, unpublished data) , but that from the pedigreed sires was presumably mediated by sire genetics, despite the equivalent sizes of the eggs and conductance constants.
Despite observing no differences in egg weight and functional properties among pedigreed sires, the fastgrowing embryos were unable to use physiological mechanisms typical of hypoxia or hypercapnia to sustain life during the last few days in the shell. Larger embryos growing in large pedigreed eggs from individual hens utilized increased gluconeogenesis (Christensen et al., 2000, NC State University, Raleigh, NC, 27695-7608, unpublished data) presumably to overcome hypoxia created by decreased conductance constants. The low body weight embryos from pedigreed sires in the current study also increased gluconeogenesis (increased hepatic glucose-6-phosphatase activity and increased plasma urate concentrations) to sustain life. In contrast, the heavy body weight hatchlings displayed increased growth of heart, liver, and muscle with no increase in gluconeogenesis to support them. Declines in liver and muscle glycogen concentrations were observed among heavier poults from sire 971, which occurred earlier in development and declined more precipitously than it did in poults with low BW from sire 616. This more rapid glycogen metabolism might have been an attempt to provide energy for organ growth and function by glycogenolysis rather than by gluconeogenesis.
The nature of the positive correlation coefficients for hatchling body weight and blood glucose concentrations for progeny of pedigreed sires were different from those observed previously for pedigreed hens (Christensen et al., 2000, NC State University, Raleigh, NC, 27695-7608, unpublished data) . The magnitude of the coefficient was smaller and the probabilities differed among the sexes of the hatchlings. Further investigation revealed a significant sire by sex of poult interaction for body weight but not for blood glucose concentrations, which may suggest a nonlinear relationship exists between the two variables in the current study. The data were subjected to further analysis to elucidate the situation. Scatter plots of the hen, tom, and combined data points were examined, and linearity was determined. Small linear effects for tom and combined analyses were evident in the plots, but overall it was clear that the relationship between blood glucose and BW of the hatching poults was not strong. Because the poult weights at hatching displayed a sire by poult × sex interaction, scatter plots were examined for sires that produced heavier hen poults and for sires that thus produced heavier tom poults. Again, no relationship could be established between blood glucose and poult weight for either group, and the correlation coefficients computed for these groups was low and nonsignificant. These data suggest that the significance of the correlation coefficients observed between blood glucose and poult weight at hatching for pedigreed sires was weak and required sampling of large numbers of poults to show significance. The physiological significance of these observations is questioned.
Within the conditions of this study, it may be concluded that embryonic growth differs between pedigreed sires in commercial turkeys. However, the growth differences correlated with hatchling blood glucose concentrations displayed lower correlation coefficients than they did in pedigreed hen studies (Christensen et al., 2000, NC State University, Raleigh, NC, 27695-7608, unpublished data) . The larger poults from selected sires utilized greater gluconeogenesis prior to emerging from the shell than did the smaller poults. The effects on embryo survival were variable. The data support observations by earlier researchers that the sire contributes only minimally to embryonic growth and that egg size and incubation period affect growth to a greater extent than sire effects.
